Arc brazing has, in comparison to arc welding, the advantage of less heat input while joining galvanized sheet metals. The evaporation of zinc is reduced in the areas adjacent to the joint and improved corrosion protection is achieved. In the automotive industry, lightweight design is a key technology against the background of the weight and environment protection. Structured sheet metals have higher stiffness compared to typical automobile sheet metals and therefore they can play an important role in lightweight structures. In the present paper, three arc brazing variants of galvanized structured sheet metals were validated in terms of the corrosion behavior. The standard gas metal arc brazing, the pulsed arc brazing, and the cold metal transfer (CMT5) in combination with a pulsed cycle were investigated. In experimental climate change tests, the influence of the brazing processes on the corrosion behavior of galvanized structured sheet metals was investigated. After that, the corrosion behavior of brazed structured and flat sheet metals was compared. Because of the selected lap joint, the valuation of damage between sheet metals was conducted. The pulsed CMT brazing has been derived from the results as the best brazing method for the joining process of galvanized structured sheet metals.
Introduction
Galvanized sheet metals have good corrosion resistance to atmospheric corrosion and therefore they are widely used in the automotive industry [1] . However, during the arc welding of such sheet metals, the protective zinc layer is badly damaged, so that even the zinc anode protection does not prevent the atmospheric steel corrosion. The zinc coating evaporates as a result of the large heat input of arc welding processes. Furthermore, zinc vapor and zinc oxides lead to pores in the weld metal and an unstable arc behavior [2] . These problems are reduced by bonding or brazing. During bonding, there is no or less heat input and thus the protective zinc layer remains intact. However, often the strength of the adhesive bond is insufficient [3] . The arc brazing advantage is the higher joint strength, which can reach the strength of the base material, and significantly reduced heat input compared to the arc welding. The disadvantages of welding and bonding are simultaneously solved [4] . The technology of cold metal transfer (CMT) is a further development of arc welding and brazing processes, which even more reduces the heat input into the joined components [5, 6] .
The lightweight design plays a key role in the automotive industry to achieve climate targets and to reduce energy consumption. Structuring of sheet metals increases their stiffness and reduces their weight. After the structuring process by hydroforming, the corrosion resistance of zinccoated sheet metals slightly increased, which was studied in [7] . Galvanized structured sheet metals could be applied in various fields such as automotive and construction industry [8] which also reflects the application fields of the arc brazing. Structured sheet metals were already qualified for further processing, especially in the field of metal forming [9, 10] , cutting [11, 12] , and welding [13] [14] [15] [16] [17] . Their mechanical properties were studied in [18, 19] . The corrosion behavior of galvanized structured sheet metals was studied in nonwelded joints in [7, 20] . Consequently, there is a need to validate the brazed joints corrosion behavior of galvanized structured sheet metals. 
Experimental Details

Structured Sheet Metals.
Structured sheet metals have a hexagonal structure. The production method is hydroforming [10] . The sheet metals consist of stiffening elements with hexagonal bumps, whose dimensions are shown in Figure 1 and described in Table 1 with specific values. Due to the asymmetry relating to the sheet plain, there are two structural locations: the structure location is "positive" if the curvature extends upwards and "negative" if the curvature extends inwards. In [20] , a small difference of the corrosion behavior between the structure locations is described. All specimens were brazed in the positive structure location and in the structure direction 0 ∘ . Therefore, a top and a bottom side of brazed samples, respectively, coincide with the positive and negative structure location of the structured sheet metal.
In the present paper, the atmospheric corrosion of the protective coat damaging by galvanized sheets brazing was studied. The estimated locations for corrosion of the brazed joint are shown in Figure 2 . Areas 1 and 2 are located beside the brazed joint on the top side of the joint. Area 3 is on the seam bottom side. Because of the probable zinc layer damage, these three areas are most susceptible against corrosion due to the brazing process heat input. At area 4, the risk of corrosion is high, not only due to protective layer destruction, but also because of the gap existence by overlapping where corrosive media can be accumulated and the corrosion processes accelerated.
For corrosion tests, thin sheet metals were used. The steel type is DX56D + Z. This is hot-dip galvanized low carbon steel with 10 m coating thickness. The sheet thickness was 0.5 mm. 
Brazing Process.
Mechanized brazing was carried out by robot system Kuka 30 HA (high accuracy). First, brazing tests were conducted on the flat sheet metals of similar thickness and similar material to determine the initial parameters. It turned out that the flat sheet metals could be qualitatively brazed without special requirements by linear torch controlling normal to the sheet plain. When transferring these parameters on structured sheet metals, the threedimensional structure caused a continuous variation of the brazing conditions, especially on the contact tube spacing and the incidence angle between the brazing torch and the plate. The brazing with the same parameters showed bad quality of the brazed joints. The contact tube spacing (the distance between torch and sheet) has a significant influence on the brazed joint quality. These effects are described for the GMA welding in [13] . In [11] , it was reported that an altitude correction in dependence on the arc voltage at the plasma cutting of the structured sheet metals has a positive effect on the cutting quality. However, since a height correction at the pulse arcs cannot be used as a control variable, the structure height values were measured along the brazing zone and transferred to the robot program. Consequently, the robot path has been realized with a constant distance between the torch and the sheet metal. The gas metal arc (GMA) brazing of the structured sheet metals was investigated by three different processes variants [21] . The parameters for the standard gas metal arc brazing (hereinafter GMAB), the pulsed arc brazing (hereinafter GMAB-P), and the cold metal transfer (CMT) in combination with a pulsed cycle (hereinafter CMT-P) were determined. The standard GMAB involves the conventional arc brazing with drop transfer at the short circuit. The main disadvantages of this method due to the short circuit are increasing energy consumption and spattering. The pulsed arc brazing leads to a drop transfer which is almost free from the short circuit and free of spattering. The third examined process variant CMT brazing is based on a reversing wire supply, which moves the brazing wire with a frequency up to 90 Hz back and forward. At first, the arc ignites at the wire tip. Then, the forward movement of the wire begins at the same time with drop formation at the wire tip. By the contact due to the forward movement of the wire, the drop at the wire tip is transferred to the sheet and the arc is extinguished, so that the metal transfer almost without current occurs. Subsequently, the wire is pulled back after the extinction of the arc. The described variant of CMT brazing was improved by the pulse technique, so that during the drop formation more filler material is melted by the increased current pulse. In Table 2 , the brazing parameters for flat and structured sheet metals are presented. For gas metal arc brazing, a filler material CuSi3 with diameter 1.0 mm was used. Table 3 shows the relevant physical properties of the filler material. Due to the low melting temperature, this filler wire is used very often for the GMA brazing of electrolytic or hot-dip galvanized sheet metals.
Corrosion Testing.
Corrosion tests were carried out by applying a salt spray chamber with 1000-liter volume; the model CT 1000-S MF was made by VLM GmbH. In this work, the climate change test according to VDA 621-415 specification [22] was selected as accelerated corrosion test. The test cycle consists of 1 day of salt spray exposure according to [23] , 4 days of condensation cyclic climate according to [24] , and 2 days of ambient climate. The duration of one cycle was one week. The number of cycles depends on the corrosion resistance of the specimen coatings and was 5 weeks. The results of this test are used for comparison of the corrosion resistance of various protective coatings. The corrosive medium was a 5 wt.% aqueous sodium chloride solution with pH of 6.7. The solution temperature was 25 ∘ C. This is necessary to ensure the independence of the results from the chamber and the comparability with the results of other studies.
Because of the lap joint, the arrangement of the specimen in the specimen holder must be considered. In Figure 3 , the arrangements are shown. For the all-round analysis, it is necessary to carry out the corrosion tests for all 6 arrangement variants. To reduce the experimental scope, the corrosion tests were conducted for one arrangement of the samples in positive and negative structure locations with the brazing seam on the top and bottom side, respectively. The reason of selecting this sample arrangement consists in the assertion that every bump plays a barrier role which accumulates the moisture and therefore provides additional conditions for corrosion [20] . According to the standard [23] , the specimens must be placed at (20 ± 5) ∘ angle to the vertical position. The moisture and corrosion products flow down at such angle along the sample surface. In the arrangement of the a-pos brazed joint is a bigger barrier for that than the bpos. By the use of the arrangement of c-pos the brazed joint does not build a barrier for the corrosive medium. This means that the arrangement of a-pos leads to the strongest corrosion conditions. For the bottom side of the specimen, the situation is reversed. There is no brazed joint and only the edge of the second sheet in the arrangement b-neg is considered as a barrier to the salt solution. In addition, this position gives higher corrosion load for gaps between sheet metals. In an ongoing research, only variants of the specimen arrangement with bigger relief were selected for experiments: variant a-pos for the top seam side and variant b-neg for the bottom seam side.
For a conclusive analysis, it is necessary to investigate at least 3 samples for every brazing variant. Besides the structured samples, the smooth samples as a reference were brazed and investigated by the climate change test. As Table 4 shows, a total of 36 samples were tested.
The geometric specimen parameters were 150 × 70 mm. The examination of corroded specimens was carried out weekly. Pictures of the samples were taken. The corrosion products were not removed during the test; otherwise, the natural corrosion process would be interrupted and therefore only a visual inspection was used as an evaluation method. To increase the capacity of the evaluation, a graphical analysis of the corroded areas by using the program Leica Application Suite (LAS) Phase Expert was conducted. The program identifies the corrosion areas as percentage of the evaluation area (Figures 4 and 5) by regions of homogeneous color. Primarily, the thresholds for homogeneous colors of "red" rust could be clearly defined.
Evaluation Method.
For examination, the areas near the brazed joint were used (zone 1), because the CuSi3 seam is not corroded. These zones included the full width of a sample excluding the edges. The height of the zone was set at the level that was determined for all samples as detected maximum damage range, so that all corroded areas were in this zone. Zone 1B under the joint was not used because it showed a consistent picture for all structured samples. The surface without zinc in this zone is corroded slower than in zone 1. This may be explained by the fact of decreasing of moisture level due to the brazed seam, which acts as a barrier. Frequently, the accumulated water in zone 1 flows across the seam and then some spots of "red" corrosion appear in zone 1B (Figure 4) . Therefore, this area cannot be used for comparison. Zone 3 has no heat influence due to the brazing process and that is why there are no "red" rust areas after the first test week.
The negative structure location has no barrier seam of moisture and corrosion products. However, there is another barrier that is smaller and farther from the place where a heat source was. This is the edge of the bottom sheet in the lap joint where the moisture is accumulated (zone 4C). However, there is no zinc coating damage due to the heat input; therefore, this zone is not important for the brazed joint corrosion investigation. Zone 2 is located directly below the brazed seam. Its borders were found by determining the maximum damaged surface.
All samples were cut before by laser beam. However, this leads to a low heat input into the edges of the samples. Therefore, side areas in 5 mm from the edge were not used in the examination. All sheets had comparable surfaces. Examination area was 750 mm 2 for every specimen. During the corrosion test, two types of corrosion products arise on the surface of the galvanized sheet metals. The first form is "white" rust, generally consisting of zinc oxide, zinc hydroxide, and zinc carbonate products. These products are produced by oxidation of the zinc coating in the chlorine-containing conditions. This process leads to the destruction of the protective zinc layer and steel begins to corrode. The result is the oxidation of the iron and the formation of brownish iron(II) and iron(III) oxides, or socalled "red" rust. The "white" rust has no influence on the mechanical properties of components and just changes the surface appearance. The program software for color detection was used for the examination of corrosion-damaged surface. The surface analysis was done by the evaluation of the "red" rust, because the area of "white" rust provides no clear statements on the corrosion of the brazed joint. The "white" rust is also an indication for the corrosion-damaged surface. Some "red" rust may develop under the "white" rust and cannot be detected by the program software.
Previous investigations [7] on zinc-coated structured sheet metals of the same type and material showed that "red" rust in magnitude of 22-26% develops under the "white" rust for short exposure times (240 h) and rapidly decreases to magnitude of 3-9% for longer exposure times. There are no significant differences between flat and structured sheet International Journal of Corrosion metals. Transferring these results to this investigation, the relative positions and distances for the corrosion development of different brazing procedures remain unchanged and can be compared to each other.
Results and Discussion
After the brazing process, all samples had areas without zinc coating near the brazed seam. The metallographic studies confirm this fact ( Figure 6 ). The width of this area has a direct influence on the corrosion resistance of the compound. However, due to the uneven evaporation of the zinc layer, the width of the area could not be determined exactly and the "red" rust area after the corrosion test was evaluated.
The test results were shown in Figure 7 . As the curves for each brazing method are practically similar (the average deviation is less than 5%), only the main values were used in the further comparisons for the examination. The results are converted into trend lines by approximation.
The diagram shows the increasing corrosion damage proportion in zone 1 during a period of 5 weeks. This zone 1 is located near the seam. First, the big difference between structured and flat samples is observed. In zone 1, there are more "red" corrosion products on the structured specimens than on the flat ones. As a result, this leads to the deterioration of the compound corrosion behavior. According to [20] , the corrosion products on the nonjoined flat sheet metals appear faster than on the nonbrazed structured sheet metals. This behavior seems to change, if the structured sheet metals were brazed. The brazing has a great influence on the structured sheet corrosion behavior near the compound. This can be explained by unstable brazing even when the threedimensional sheets topology is considered by the program of the used robot system for brazing. These paths take into account the changing distance from the torch to the sheet plain. Furthermore, bumps have an influence on the inert gas flow and generate the variation between rising and falling brazing positions [13] . This affects the quality of the brazed joint.
After the first week, all samples already had the "red" corrosion products near the seam. This means that the cathodic protection of the zinc coating is no longer effective. After the fifth test week, all samples in zone 1 were practically completely covered with "red" rust.
As Figure 7 shows, there is no big difference between the corrosion behaviors of the brazed joints produced by various brazing methods. This is valid for the flat sheet metals (maximum difference is 15.5% by 4.7% deviation) as well as for the structured sheet metals (maximum difference is 12.7% by 6.2% deviation). However, the pulse brazed samples show the worst results, regardless of the sheet structure. The CMT pulse brazing shows the best results for structured sheet metals. For the flat reference samples, the standard GMA brazing is the most suitable method.
The results of the corrosion test for zone 2 are shown in Figure 8 . The results of structured and flat samples showed practically no difference. Figure 8 clearly shows a major trend for the bottom seam side of the compound. The standard GMA brazing with the largest current values leads to greater heat input. Therefore, the samples prepared by the standard GMA brazing show the worst corrosion resistance on the bottom seam side. This is valid for all samples irrespective of their structure. On average, the corrosion resistance of the standard-brazed compounds is up to 12% lower for flat samples and up to 11.6% lower for structured samples compared to the best results for flat and structured samples brazed by pulsed GMAB. The pulsed GMA brazing modification through CMT technology demonstrates worse corrosion behavior of all samples.
Zone 2 is corroded less than zone 1, because on the bottom compound side the zinc layer was affected only by a low heat input. It was found that after the first test week a big amount of "red" rust on the bottom compound side has developed only on the standard-brazed samples.
The requirements for brazed compounds in industry consist in obtaining compound corrosion resistance comparable to the corrosion resistance of the base material. This could not be accurately detected by the corrosion test according to VDA 621-415 because the conditions of this test are very harsh. After the second week of the climate change test, the "red" rust appears on the sheet surface without thermal influence. Near the brazed seam, the spots of the "red" rust are already observed after the first test week. This means that the results after the first week are the most interesting from the brazing methods comparison point of view. Figure 9 shows results of corrosion test for positive structure location arranged samples after the first week. It is clear that there is almost no difference in the results of the samples "GMAB" and "GMAB-P" regardless of the sheet topology. It is important to underline that the results of CMT-P samples are much better for both structured and flat samples. It should be mentioned that after the first week of the corrosion test the proportion of the corrosion damage for structured samples in zone 1 is almost two times higher than for flat samples.
The results of the corrosion test for zone 2 on the bottom seam side, which are shown in Figure 10 , allow the comparison of the samples "GMAB-P" and "CMT-P." Both methods show similar low corrosion damage values of the brazed structured samples. For the flat specimens, the corrosion damage is a little higher. Zone 2, in contrast to zone 1, demonstrates a radically different correlation between flat and structured specimens.
To make a better evaluation of these conflicting results, the data were summarized for both zones (Figure 11 ). This diagram shows that the standard GMA brazing leads to the worst corrosion resistance of the brazed compound compared to the pulsed GMA and pulsed CMT brazing.
There is almost no difference between the GMAB-P and CMT-P brazing of flat sheet metals from the compound corrosion behavior point of view. For structured sheet metals, the CMT-P is the best brazing method according to the climate change test.
The lap joint has a special disadvantage. At the lap joint, a gap between the joined sheets forms, so that corrosive fluids can flow into the gap. This can cause corrosion in that place. The arrangement of the specimen with negative structure let the moisture leak, so that the corrosion medium could flow into the gap. That is why visual inspection of corrosion in the overlap interior has been done for every brazing variant after International Journal of Corrosion Overlapping part of sheet metal Sheet metal Opened overlapping area Figure 13 : Picture of the gap surface in the lap joint of the GMAB-P brazed structured sheet metal after 5 weeks of the corrosion test.
5 weeks of the climate change test. For this purpose, the gap area has been opened manually by bending the overlapping part of the sheet metal. First, the flat samples were reviewed. Figure 12 shows an example of the zinc coating condition between flat sheets after 5 weeks of the corrosion test. The "red" corrosion was not presented there. The undamaged zinc layer was retained in place. All flat samples had the same look.
For structured samples, no "red" rust was also found in the overlaps irrespective of the brazing methods ( Figure 13 ). The main conclusion is the fact that atmospheric corrosion has no critical influence on the lap joint of galvanized sheet metals regardless of the plate topology and the brazing method.
Conclusions
The corrosion brazed joint behavior of galvanized structured sheet metals is affected by the brazing parameters. However, the greatest difference of the corrosion behavior was seen in the results for structured and flat sheet metals on the top side of the joint: the structured sheet metals are corroded much stronger than joints of the flat sheet metals. On the bottom side of the brazed compounds, the situation is quite the opposite. In general, the corrosion damage on the negative side of the brazed joint was significantly lower than on the top side (with the exception of flat samples "GMAB").
The process of conventional GMA brazing is characterized by a bigger heat input in comparison to the pulsed GMA brazing and the pulsed CMT process. Therefore, the specimens of the standard brazing process have reduced corrosion resistance.
The brazed top compound side shows the worst corrosion behavior by using pulsed GMA brazing method. The opposite was true for the bottom side: the corrosion behavior was the best. Therefore, this brazing method is better in comparison with the standard brazing process.
The pulsed CMT brazing showed on the both top and bottom sides almost the best results. This method can be recommended as the preferred brazing variant for the joining of galvanized flat and structured sheet metals.
Regardless of the brazing process, the corrosion between the overlapping galvanized sheet metals is not critical. This can be explained by the fact that the corrosive medium does not flow into the gap. And that is why there is no big load on the zinc coating.
By using the bottom seam side of the sheet metal as a functional surface, the best way of arc brazing is pulsed GMA brazing. In all other cases, the pulsed CMT brazing is the best brazing process to join the galvanized structured sheet metals.
